Cardiomyopathies define a heterogeneous group of heart muscle disorders. They are an important cause of heart failure and a leading indication for heart transplantation in pediatric patients. Research on cardiomyopathy has however focused on the adult populations with fewer dedicated clinical trials investigating pediatric cardiomyopathy. Diagnosis and clinical management of pediatric cardiomyopathy are also challenging because of the lack of specific methods for diagnosis and treatment. Assessment of ventricular structure using absolute values in adults are not useful in children because of their constantly changing body surface area. Therapies developed for adults applied to pediatric patients also have had varied clinical outcomes. This paper therefore reviews existing research evidence on pediatric cardiomyopathy, with the objective of broadening its clinical understanding and management.
Introduction
Despite advancements in medical therapy and increased availability of cardiac transplantation, cardiomyopathies remains a leading cause of pediatric mortality. The true incidence of pediatric cardiomyopathies remains unknown mostly attributed to the lack of clinical recognition and under-reporting. In a majority of cases, the cause of pediatric cardiomyopathy is unknown and prognosis is usually ominous. A reduction in the morbidity and mortality associated with pediatric cardiomyopathies requires a better understanding of the causes and pathogenesis to support the development of etiologic specific treatment. Thus, this paper presents a comprehensive review of the status of scholarly and practitioner knowledge on pediatric cardiomyopathies and the major phenotypes involved. The review is organized into seven sections: clinical description, epidemiology, clinical manifestation, prognosis, etiopathogenesis, differential diagnosis and clinical management. Also included are two meta-analyses of diagnostic methods and of clinical management approaches.
Clinical description Historical context
Dedicated research on cardiomyopathies in pediatric population has been much more recent compared to adult and geriatric populations. Prior to the mid-1990s, there was a paucity of research evidence for epidemiologic features and natural history of pediatric cardiomyopathies. However, the establishment of Pediatric Cardiomyopathy Registry (PCMR) in 1995, which is an ongoing population-based multi-center observational study of primary and idiopathic cardiomyopathies in children and adolescents, inspired current research interest in pediatric cardiomyopathies [1] . The National Heart, Lung and Blood Institute (NHLBI) funded the initial research between September 1995 and August 1999. The objective of the PCMR was to provide a precise estimate of incidence rates and a description of the natural course of selected phenotypes of cardiomyopathies in pediatric populations, and facilitate the development of etiologyspecific approaches to clinical management [2] .
The development of PCMR data involved 61 private and institutional health care facilities handling pediatric cardiomyopathies in the U.S and Canada [3] . As of 1999, the PCMR consisted of a prospective, population-based cohort of 337 pediatric patients diagnosed between 1996 and 1999 from New England and Central Southwestern U.S., and a retrospective cohort of 990 pediatric patients diagnosed between 1990 and 1995 identified through a review of medical records [2] . Since its establishment, the PCMR has been the basis of several subsequent studies on pediatric cardiomyopathies including the National Australian Childhood Cardiomyopathy Study (NACCS). The PCMR has made significant contributions to the current understanding of incidence, natural history, clinical symptoms, diagnosis and clinical management of pediatric cardiomyopathies.
Clinical definition
Pediatric cardiomyopathies is not a distinct clinical entity but an umbrella term for uncommon and heterogeneous group of myocardial disorders with multifactorial etiologies and many different clinical outcomes in individuals aged 18 years or younger [4] . The World Health Organization (WHO) classifies cardiomyopathies into four distinct types based on morphological and functional abnormalities: (i) dilated cardiomyopathy (DCM); (ii) hypertrophic cardiomyopathy (HCM); (iii) restrictive cardiomyopathy (RCM); and (iv) arrhythmogenic right ventricular cardiomyopathy (ARVD) [5] . Pediatric cardiomyopathies mainly includes three of these four major phenotypes of cardiomyopathy: DCM, HCM and RCM. Of the three types, DCM and HCM have been reported as the most frequently encountered in clinical practices as well as extensively studied [3, 6] . In addition to pediatric DCM, HCM and RCM phenotypes, LV noncompaction (LVNC) has been recently classified as another common type of pediatric congenital (also spongy) cardiomyopathy primarily involving the LV apex. The WHO [5] and the National Organization of Rare Diseases (NORD) [7] also classify cardiomyopathies into etiologic (primary or secondary) and pathologic (ischemic or non-ischemic) cardiomyopathies. Idiopathic and non-ischemic cardiomyopathies are the most common types in pediatric populations [2] . Based on the available classification systems, pediatric cardiomyopathies can be classified based on their (a) morphology (DCM, HCM, RCM, ARVD or LVNC); (b) etiology (primary or secondary); and (c) pathology (ischemic or non-ischemic) ( Table 1 ).
Epidemiology Based on small studies
Prior to the establishment of PCMR in 1995, epidemiologic features of pediatric cardiomyopathies remained vaguely defined. Although a large number of early studies investigated the natural history of cardiomyopathies in infants and children, they only offered fragmentary evidence on the incidence of pediatric cardiomyopathies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The main limitation of these early studies was small or ethnically homogenous samples limiting statistical support of findings to other excluded pediatric populations [2] . A population-based study in Olmsted County in Minnesota suggested an increased incidence in the duration of the study (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) but lacked sufficient sample to support the findings to all pediatric age groups -neonates (birth -1 month), infants (1 month -2 years), developing children (2 to 12 years) and adolescents (12 to 16 years) [18] . The earliest and largest population-based study in Finland conducted between 1980 and 1991 also indicated increased incidence of pediatric cardiomyopathy, reporting an incidence rate of 0.65 in 100,000 persons aged 20 years or younger [19] . Another large population-based study conducted in Australia 1987-1996 reported a higher incidence of 1.24 in 100,000 persons aged 10 years or younger [20] .
Based on pediatric cardiomyopathy registry
The establishment of the PCMR provided precise estimates of pediatric cardiomyopathies in the U.S. The PCMR data, gathered from 18 and 20 pediatric centers in New England and Central Southwest U.S. respectively, reported an annual incidence of pediatric cardiomyopathies of 1.13 cases per 100,000 children [1] . The incidence was significantly higher in infants < 1 year estimated at 8.34 incidence in 100,000, in boys (1.32) compared to girls (0.92), and in blacks (1.47) compared to whites (1.06), which were determined using DCM and HCM functional phenotypes [21, 22] . However, the incidence might have been underestimated because the definition of pediatric cardiomyopathies excluded children who suffered from sudden cardiac death, findings from pathologists and medical examiners in the original protocol, and children and adolescent asymptomatic of left ventricular dysfunction who did not seek medical attention [22] . Table 2 provides a summary of major epidemiological studies on incidence rates and percentages of the two major types of pediatric cardiomyopathies. The summary reveals wide variations in the ageranges of pediatric patients included in the studies ranging from younger than ten years to younger than 20 years, which affects the ability to compare incidence rates or to calculate global incidence rates of pediatric cardiomyopathies. Six studies [18] [19] [20] [21] 23, 24] with a combined pediatric population of 2,510 indicate the overall incidence rate of pediatric cardiomyopathies ranged between 0.57 and 1.24 per 10,000 children, with DCM being the most prevalent phenotype followed by hypertrophic (Table 2) .
Major studies on pediatric cardiomyopathies

Clinical presentation Clinical stages of pediatric ventricular dysfunction
The hallmark of pediatric cardiomyopathies is ventricular impairment or dysfunction. Despite having multiple etiologies, the development of cardiomyopathies in children and adolescent is progressive occurring in three main stages (Figure 1 ).
Pediatric ventricular dysfunction begins with chronic exposure to risk factors such as family history of sudden death, anthracylines therapy, chronic renal failure, HIV infection and adrenergic status. The exposure leads to impairment of cardiac myocytes inducing maladaptive changes in cardiac functions, which results into ventricular dysfunctions (cardiomyopathy). These initial stages are largely asymptomatic or insidious. Cardiomyopathy may lead to rhythm abnormalities, clinically significant condition or heart failure, which may be asymptomatic or characterized with continuing morbidity. The ultimate stage is usually sudden cardiac death [25] .
Signs and symptoms
Clinical signs and symptoms of pediatric cardiomyopathies may present at birth or develop at any age before the eighteenth year of life [17] . These often always vary depending on the type of cardiomyopathy present but some children and adolescent may remain asymptomatic for many years or even throughout life. Despite the variation, clinical symptoms common to all forms of pediatric cardiomyopathies are fatigue, exertional dyspnea and chest pain [11] . Other symptoms common to a majority of individuals with pediatric cardiomyopathies include arrhythmias (tachycardia or bradycardia), endocarditis (inflammation of the endocardium), congestive heart failure (CHF) or sudden cardiac death (SCD). In DCM, sudden cardiac death may be the first and only clinical manifestation in about 5% of children [26] . Other symptoms may differ depending on the underlying type of cardiomyopathy HCM, RCM, ARVD and LVNC) ( Table 3) .
Prognosis
Increased understanding of etiopathogenesis of pediatric cardiomyopathies has contributed to the current shift towards etiology-specific treatment, and together with increased availability of heart transplantation, have had a significant improvement in clinical management. However, pediatric cardiomyopathies remain an important cause of death in children and adolescents [27] . In a majority of cases (two-thirds), the cause remains idiopathic, and in some cases, diagnosis has been usually incidental during assessment of unrelated illness or during routine check-up, which has contributed to the current poor prognosis [1] . Predictor of poor prognosis also varies depending on the type of cardiomyopathy. DCM: age at diagnosis > 6 years, severely reduced FS Z-score and LVEF; HCM: age of diagnosis at < 12 months of age, malformation syndromes, certain inborn errors of metabolism, low LV FS and exercise-related abnormal blood pressure; RCM: family history, ischemia, chest pain and syncope; and LVNC: family history, delayed diagnosis, progressive LV dysfunction, arrhythmias or embolic events (Table 4) .
Left ventricular (LV) or bi-ventricular dilatation and global systolic dysfunction in the absence of abnormal loading conditions (such as hypertension or valvular disorders) or coronary artery disease (CAD) [8] Hypertrophic
LV thickening with non-dilated chambers in the absence of flow-limiting CAD or abnormal loading conditions [9] Restrictive Stiffened ventricles impairing ventricular filling with normal or decreased diastolic volume affecting one or both ventricles [10] .
Arrhythmogenic Right Ventricular Dysplasia Fibrofatty replacement of the right ventricular (RV) myocardium mainly in the RV inflow, outflow and apex [11] .
LV Non-Compaction Deep inter-trabecular recesses and thickened myocardium separated into two distinct compacted and non-compacted layers [1] .
Etiologic Primary Develops by itself or by idiopathic (unknown) etiologies [5] .
Secondary Develops in the setting of known cardiac abnormalities such as viral or bacterial myocardial inflammation or from chronic/prolonged exposure to environmental toxins such as heavy metals [5] .
Pathologic Ischemic
Caused by hardening of coronary arteries leading to insufficient blood flow and oxygen in the myocardium [7] .
Non-ischemic Caused by structural or electrical dysfunction of the myocardium [7] . 
Dilated Cardiomyopathy
Fatigue, exertional dyspnea, peripheral edema, chest pain, irritability, persistent cough due to pulmonary congestion, syncope, abdominal pain and arrhythmias.
Hypertrophic Cardiomyopathy
Exertional dyspnea, fatigue, excessive sweating, poor appetite, chest pain, arrhythmias, syncope during exertion, pulmonary congestion, congestive heart failure or sudden cardiac death.
Restrictive Cardiomyopathy Dyspnea, chest pain, poor appetite, ascites, peripheral edema, pulmonary congestion, hepatomegaly, arrhythmias, thrombus, heart block, congestive heart failure or sudden cardiac death.
Arrhythmogenic Right Ventricular Dysplasia Arrhythmias, dyspnea, swollen neck veins, abdominal discomfort, syncope, cardiac arrest or sudden cardiac death.
LV Non-Compaction
Dyspnea, New York Heart Association (NYHA) Class III/IV heart failure, chest pain, chronic atrial fibrillation and heart failure in the setting of sustained/paroxysmal arrhythmias and thromboembolic events. 
Hypertrophic
Diagnosis at < 12 months of age, malformation syndromes, certain inborn errors of metabolism, low LV FS [6] ; exercise-related abnormal blood pressure [30] , mixed functional phenotypes, higher LVED posterior wall thickness or end-diastolic ventricular septal thickness, or two or more risk factors [31] .
Restrictive
Has the poorest prognosis: 66-100% undergo heart transplantation or death a few years after diagnosis. Predictors of poor prognosis are family history, ischemia, chest pain and syncope [31] .
LV Non-Compaction
Family history, delayed diagnosis, progressive LV dysfunction, arrhythmias or embolic events [31] The list excludes paediatric cardiomyopathies due to neuromuscular disease and inborn errors of metabolism because heart transplantation is usually not indicated as a treatment for this cohort
Etiopathogenesis
Causes of pediatric cardiomyopathies are classified into two broad categories: genetic (also referred to as primary or idiopathic), and nongenetic (also referred to as secondary), caused by a known underlying cardiac or non-cardiac condition [27] .
Genetic etiologies
In pediatric cardiomyopathies, genetic etiologies may fall into four main categories [21,27- 
Inborn errors of metabolism
Inborn Errors of Metabolism (IEM) are hereditary conditions with an incidence of 1 in 4,000 newborns. In the Online Mendelian [25] . Pediatric ventricular dysfunction begins with exposure to risk factors, leading to cardiomyocytes injury/ impairment, maladaptive changes and finally cardiomyopathy. Cardiomyopathy presents as clinically significant rhythm abnormalities or heart failure leading to morbidity or sudden cardiac death.
Inheritance of Man database (https://www.omim.org/), IEMs account for more than 1,000 distinct disorders. About 5% of IEM have been linked with pediatric cardiomyopathies [32] . The main pattern of inheritance is autosomal recessive with a few having X-linked recessive pattern. The PCMR data reveals IEM accounts for 26.8% of HCM, 6.8% of DCM, 26.9% of mixed or other phenotypes of pediatric cardiomyopathies and the remaining are idiopathic causes [1] . Understanding IEMs has an important clinical value because many IEMs have a disease-specific treatment [32] . IEM presents the largest group of conditions associated with pediatric cardiomyopathies, which consists infiltrative storage disorders, energy metabolism disorders, and disorders producing cardiotoxic intermediary metabolites [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . The exact processes that IEMs may induce the onset of pediatric cardiomyopathies remains tenuous. Three hypothesis have been advanced to explain the pathophysiological mechanisms of IEM disorders leading to the development of pediatric cardiomyopathies. These are storage and infiltration non-metabolized substrates, impaired energy production and the production of toxic metabolites [32] (Figure 2 ).
Storage and infiltration of substrate:
Bulk storage and infiltration of non-metabolized substrate are postulated to convey a debilitating mechanical effect on the efficient functioning of cardiomyocytes (cardiac muscle cells). Bulk substrate deposition on cardiomyocytes may disrupt the normal alignment of myofibrils, which form the basis of cardiac contraction, impairing their contractile ability. This pathophysiologic mechanism usually involves large macromolecules mostly triglycerides (fatty-acid oxidation and carnitine transport defects), glycogen and lysosomal substrates. Ultimately, triglycerides and glycogen accumulate on the cytoplasm while lysosomes enlarge and multiply in numbers [32] . Impaired energy production: Impaired energy production leading to inadequate adenosine triphosphate (ATP) to support energy requirements at the cellular level is the second hypothesis proposed to explain the development of pediatric cardiomyopathies. The principal sources of cardiac energy are fatty acids and glycogen, which are broken down to release hydrogen molecules. Mitochondrial respiratory processes extract energy from the hydrogen molecules and oxidative phosphorylation process converts the energy into ATP. Impairment in oxidative phosphorylation process reduces the ability to convert any energy source into ATP. Since cardiomyocytes require high amounts of energy for myofibril contraction obtained from hydrolysis of ATP, inadequate energy means inefficient contractility, whose adaptive process is hypertrophy, and thus the reason behind the association of many IEMs to HCM [32] .
Production of toxic metabolites:
The third hypothesized pathophysiologic mechanism for IEM-related pediatric cardiomyopathies is the production of toxic metabolites by defects in oxidative phosphorylation, organic acidemias and aminoaciduria. Deposition and accumulation of these toxic metabolites lowers cellular pH of acids, inhibits intermediary metabolism or oxidizes components of the mitochondria such as DNA, lipids and proteins structures [32] .
Malformation syndromes
Malformation syndromes represent another category of genetic etiologies postulated to lead to the development of pediatric cardiomyopathies. Clinical presentation include minor or major physical abnormalities, which are characterized by distinctive facial features. Malformation syndromes occur due to inherited genetic mutation with autosomal dominant, autosomal recessive or X-linked patterns of transmission. The syndrome could also result from a defect (deletion or duplication) in specific chromosomes [21] . The main types of hereditary malformation syndromes associated with pediatric cardiomyopathies are autosomal dominant, autosomal recessive, X-linked recessive, chromosomal defect and unknown gene syndrome ( Figure 3 ).
Neuromuscular diseases
Neuromuscular diseases affecting nervous or skeletal muscles is another category of genetic etiologies associated with the development of pediatric cardiomyopathies. The main types of neuromuscular disease are muscular dystrophies especially Duchenne's and Becker type, congenital myopathies and ataxias. Typical symptoms include reduced muscle relaxation, bulk and tone, general weakness and loss of motor control [21] (Figure 4 ).
Familial isolated disorders
Familial isolated disorders are considered genetic etiologies of pediatric cardiomyopathies when there is a determined family history of cardiomyopathy but the child does not present with any signs and symptoms of metabolic or muscular disorders [21, 27] . The major patterns of inheritance are autosomal dominant, autosomal recessive, X-linked or maternal (mitochondrial) transmission. Although the same genetic mutation may affect family members, disease expression widely varies from asymptomatic to mild symptoms and to severe complications [27] (Figure 5 ).
Non-genetic etiologies
Pediatric cardiomyopathies may also result from non-genetic etiologies consisting of both cardiac and non-cardiac conditions. Although many of these cardiac and non-cardiac conditions may have a genetic basis in their natural development, cardiomyopathy in pediatrics usually occurs as a secondary effect. However, the exact pathogenesis of non-genetic etiologies remains vaguely understood requiring additional clinical trials. The main cardiac conditions include atherosclerotic CAD, Kawasaki disease, hypertension, dysrhythmia, congenital heart defect, and chronic modification in circulatory volume. Others cardiac causes are related to therapy such as heart transplantation, major cardiac or invasive cardiothoracic surgery. Non-cardiac conditions include pulmonary parenchymal disease of vascular origin, pregnancy/3-month postpartum, infection, toxin/drug, radiation, immunologic disease, connective tissue disease, endocrine disease, nutritional deficiency, granulomatous disease or malignancy ( Figure 6 ). 
Inborn Errors of Metabolim (IEM)
Differential diagnosis
The hallmark of differential diagnosis of pediatric cardiomyopathies is the assessment of myocardial abnormalities in systolic function (contractile ability), diastolic function (relaxation and compliance), and myocardial growth (hypertrophy and atrophy) [43] [44] [45] [46] [47] . Still, diagnostic evaluation of pediatric cardiomyopathies remains an important clinical challenge because of a large number of idiopathic genetic etiologies, a broad range of clinical manifestations and large numbers of specialized clinical and biochemical tests complicating confirmatory diagnosis [27] . Unlike in adults, where the assessment of ventricular dysfunction is the absolute LV wall thickness or hypertrophy, in children, absolute values are not useful because of their constantly changing body surface area. Instead, diagnosis depends on the association of LV dysfunction indexed to body surface area, defined as fractional shortening Z-score [30] .
Electrocardiography
Electrocardiography (ECG) is an important test aimed to provide initial information prompting for further or specific diagnostic assessment for pediatric cardiomyopathies. ECG tests assess the presence of left or right, or both, ventricular contractile dysfunction (arrhythmic disturbance) and repolarizing parameters relative to normal values and their standardized interpretation for children [48, 49] . ECG measures myocardial abnormalities based on abnormal Q-wave, QT interval, isolated ST segment changes, left/right bundle branch block, premature contractions and supraventricular or ventricular ectopic activities [12] . Together with clinical signs and symptoms, ECG abnormalities provide valuable information to guide further tests for confirmatory diagnosis of the specific phenotype of pediatric cardiomyopathies [27] .
Echocardiography
Echocardiographic-defined ventricular dysfunction is considered the gold standard for the assessment and diagnostic evaluation of different forms of cardiomyopathies in children and adolescents. Echocardiographic measurement and semi-quantitative patterns provide important information about abnormalities in ventricular function and structure for differential diagnosis [2] . Schwartz et al. [27] corroborates the value of echocardiography-defined ventricular dysfunction in a multi-disciplinary diagnostic assessment of pediatric cardiomyopathies due to genetic etiologies. Echocardiographic measures and patterns were used in the selection of children and adolescent during the development of the PCMR, which have been accepted and re-used by several subsequent studies as standardized criteria for diagnosis and understanding the clinical course of pediatric cardiomyopathies [27] . The main echocardiography measurements are LV fractional shortening, LV posterior wall thickness, and LV enddiastolic dimension/volume ( Table 5 ).
The presence of LV functional or structural abnormalities should prompt further investigation of the cause and diagnostic assessment for pediatric cardiomyopathies. While any one of the criteria for diagnosis is consistent with myocardial abnormalities in pediatric cardiomyopathies, the presence of more than one criteria strengthens diagnosis [27] . Additional echocardiographic semi-quantitative patterns alongside their clinical description, which strongly suggest the need for further diagnostic evaluation for specific types of pediatric cardiomyopathies include localized ventricular hypertrophy, RCM, contracted endocardial firbroelastosis, ventricular dysplasia, concentric hypertrophy or LVNC [2] (Table 6 ).
Endomyocardial biopsies
Endomyocardial biopsy can be safely performed in children to provide valuable information for diagnosing cases of pediatric cardiomyopathies especially of idiopathic (genetic) and some non-genetic etiologies. Microscopic and histologic features of endomyocardial biopsy specimens provide valuable information for confirmatory diagnosis of pediatric cardiomyopathies as well as diseases presenting with similar characteristics [50] [51] [52] [53] . Some of these histologic features may be specific for a certain group of disorders such as infiltrative storage disorders or a certain disease such as Fabry disease. Biopsy may also assess tissues other than endomyocardium to [27] . Non-genetic causes are classified into cardiac conditions or effect of cardiac therapies such as heart transplantation or major cardiac or invasive cardiothoracic surgery, and non-cardiac conditions including pulmonary diseases, pregnancy, infection, toxin, immunologic disease, exposure to radiation and nutritional deficiency.
detect associated disorders such as storage and mitochondrial disorders as well as disorders due to accumulation of neutral fat. Only cardiac phosphorylase kinase deficiency can be diagnosed from cardiac tissue specimen using biopsy [27] .
Meta-analysis of diagnosis of pediatric cardiomyopathies
Pediatric cardiomyopathies remain a leading cause of death in pediatric population. In adequate research recognition and underreporting has undermined precise guidelines for its diagnosis. This meta-analysis review published peer-reviewed articles on the diagnosis of pediatric cardiomyopathy intended to improve its diagnosis and inform the implementation of etiologic-specific clinical management.
Search criteria
Search for studies for inclusion in this meta-analysis was conducted on online databases: PubMed, EMBASE, Ovid MEDLINE, and Google Scholar. The search employed broad search terms, "pediatric" OR "children" AND "cardiomyopathies" OR "heart diseases" AND "diagnosis" OR "prognosis". Then use of broad search terms was to ensure the search outcomes includes as much as possible relevant studies. The search then used a hierarchical approach beginning with title, then abstract and finally perusal of the entire article to screen all the retrieved studies for inclusion.
Inclusion criteria
The inclusion criteria was the study was (i) prospective or retrospective; (ii) studied at least one phenotype of pediatric cardiomyopathy; and (iii) included at least one diagnostic method for pediatric cardiomyopathies. Studies were excluded if only abstract was available, they were conference papers (because they are not final) and data was presented in a format that was not easy to extract.
Data extraction
Individual studies were each screened for the inclusion criteria and all relevant data extracted from the included studies. Extracted data was recorded on Microsoft Excel Worksheet. The extracted data included first author, study period, number of patients, diagnosis method, diagnosed phenotype of cardiomyopathy, mortality rate, and conclusion ( Table 7) .
Characteristics of included studies
Sixteen (16) prospective or retrospective studies meeting the inclusion criteria were included in this meta-analysis [12, 24, 26, 30, 31, [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . Altogether, the studies investigated a total sample of 6,665 patients aged younger than 18 years with pediatric cardiomyopathies having mean high mortality rate of 12% within five years of diagnosis. The study period ranged from 1958 [12] to 2012 [61] . Echocardiographic defined left ventricular dysfunction (also used in the recruitment of pediatric patients constituting the PCMR data), was the dominant method of diagnosis adopted by 14 studies (87.5%) [12, 24, 26, 30, 31, [54] [55] [56] [59] [60] [61] [62] [63] [64] . The remaining two studies adopted genetic testing and biopsy [57] and angiography [58] . A majority of the studies (44%), investigated pediatric HCM phenotype, 31% investigated pediatric DCM, 19% pediatric RCM and the remaining 6% investigated left ventricular non-compaction.
Diagnostic methods
The common diagnostic method for the three frequently encountered phenotypes of pediatric cardiomyopathies in clinical practice -HCM, DCM and RCM -is the echocardiographicdefined left ventricular dysfunction used by 87.5% of the studies. Endomyocardial biopsy and histology [24, 26, 57] , angiography [58] , and genetic testing [57] may provide additional valuable information to support the echocardiograph method in the confirmatory diagnosis of pediatric cardiomyopathy.
Prognostic predictors
Findings from the 16 studies demonstrate echocardiographic defined prognostic predictors of poor clinical outcomes: low left ventricular fractional shortening Z-score, no increase in the Z-score during follow-up (44%) [24, 26, 30, 55, 56, 61, 62] and other clinical predictors such as age of diagnosis at one year or older (38%) [26, 31, 54, 59, 61] , type of etiology (idiopathic, IEMS or malformation syndrome), mixed phenotypes (25%) [24, 54, 56, 57] and status of the heart such as presence of congestive heart failure (25%) [24, 56, 60, 62] . Other poor predictors of prognosis include myocardial bridging [12, 58] , family history, greater wall thickness [62, 64] , chest pain, syncope without congestive heart failure [60] and presence of muscular dystrophinopathies such as Duchenne and Becker muscular dystrophy [55] .
Discussion
Diagnosis of cardiomyopathies generally focus on evaluating intrinsic myocardial abnormalities of systolic function (contractility), diastolic function (relaxation and compliance) and growth (hypertrophy and atrophy) [27] . Standardized objective diagnosis criteria have since been implemented for the three most frequently encountered cardiomyopathy phenotypes: DCM, HCM and RCM but these guidelines have not specifically addressed pediatric patients. Such standardized and objective diagnostic guidelines would have improved the accuracy of diagnosis as well as a greater understanding of the clinical course of pediatric cardiomyopathies [2, 27] . Thus, the present meta-analysis aimed to review the current methods used in the diagnosis of cardiomyopathies in pediatric populations to determine the most appropriate method.
In the present analysis, echocardiography is the most used and researched imaging modality for the diagnosis of cardiomyopathies in pediatric populations. A greater majority of the studies (87.5%) used echocardiography to assess and characterize LV dysfunction for the
Echocardiographic Measurement
Abnormal LV Outcomes LV Fractional Shortening > 2 SD less than normal mean value of age LV posterior wall thickness at end-diastole > 2 SD less than the normal mean value for BSA LV end-diastolic dimension/volume > 2 SD more than the normal mean value for BSA diagnosis of pediatric cardiomyopathy. The current guidelines based on small-scale clinical trials and a review of literature support the use of echocardiography in the diagnosis of pediatric cardiomyopathies [27] . According to Grenier and associates [2] , echocardiography provides important quantitative and semi-quantitative measurement of the LV structure and function to support diagnosis or to suggest the need for additional confirmatory tests. In the present findings, echocardiographic defined LV fractional shortening, wall thickness at end-diastole and LV end-diastolic volume provide important diagnostic clues. However, LV fractional shortening emerged as the most useful measurement for cardiac systolic function in pediatrics because it is influenced by preload and afterload. Moreover, LV contractile function provide more accurate measurement reflecting the intrinsic health of the myocardium and are thus preferred for assessing LV dysfunction.
These measurements are consistent with those defined in echocardiography-based diagnostic criteria proposed by Schwartz et al. [27] . Whereas these quantitative measures of LV dysfunction may support diagnosis, the criteria emphasizes on other semi-quantitative measures such as septal thickness, enlarged atrium, thinned right [27] . While echocardiography is the preferred imaging modality, other tests such as endomyocardial diagnosis and ECG abnormalities are important to provide additional diagnostic clues for the identification of an underlying cardiac condition [50, 51] . Endomyocardial biopsies is significant in identifying the underlying cause of pediatric cardiomyopathy such as infiltrative storage disorders as well as assess surrounding tissues to detect mitochondrial disorders [27] .
In summary, the standard diagnosis approach of pediatric cardiomyopathy is echocardiography-imaging modality, which is able to define LV systolic dysfunction (alterations in contractility) defined as LV fractional shortening, wall thickness at end-diastole and LV end-diastolic volume. Other semi-quantitative measures such as septal thickness, enlarged atrium, thinned right ventricular, contracted endocardial firbroelastosis or spongy LV myocardium provide supporting diagnostic clues. Other diagnostic methods such as endomyocardial biopsies are useful in analyzing surrounding tissues to detect underlying cardiac conditions.
Clinical management
Despite advances in the management of pediatric heart failure, limited evidence-based options for clinical management for children with cardiomyopathies exist. The ability to restore normal cardiac functions remains limited in pediatric populations with many adopting protocols modelled for adults with very few children-specific therapies [21] . However, nutritional, medical and heart transplantation have been widely used as clinical management therapies to prevent or even treat cardiomyopathies in pediatric populations.
Nutritional therapy
Under-nutrition, defined as BMI < 10% for age and sex, and overnutrition defined as BMI > 95%, are independent indications of poor prognosis in pediatric cardiomyopathies. This could be attributed to metabolic myopathies, which is one of the key underlying genetic etiologies of pediatric cardiomyopathies or exacerbates an already existing condition. Metabolic myopathies underlies the proposal that nutritional therapies could be an important ancillary treatment for improving the overall health and quality of life of children with cardiomyopathies [27] . In addition, chronic pediatric cardiomyopathy often always causes energy imbalance, where added metabolic demands increase faster than the ability of the child to consume adequate calories. The aim of nutrition is to provide sufficient dietary energy and other nutrients for proper cardiac functioning. Gastrointestinal malabsorption, suboptimal dietary intake of macro/micro nutrients, antioxidants, amino acids and vitamins, and psychosocial problems could also confer an important synergistic effect causing growth problems. Importantly, increasing the efficacy and clinical outcomes of nutritional or dietary therapy requires early detection and prompt initiation [65] .
Medical treatment
Medical treatment of pediatric cardiomyopathy is the same to that of heart failure, whose clinical objective is to manage inborn chronic and maladaptive physiological responses. Data from clinical trials of medical treatment of adult patients support the use of diuretics, beta-blockers, angiotensin-converting-enzyme (ACE) inhibitors and antiarrhythmic drugs for chronic treatment of heart failure [66] . Since pathophysiology of heart failure replicates that of adults, medical therapy used in adults has been applied to children with cardiomyopathies but with varying degrees of success. However, differences in etiologies, pharmacodynamics, duration of therapy and therapeutic goals between children and adults with cardiomyopathies requires additional studies to clarify the efficacy and value of medical therapy in pediatric cardiomyopathies [6] . While medical treatment may be not necessary for children with non-obstructive HCM, it has beneficial preventive effect against sudden cardiac death for asymptomatic children with obstructive HCM [67] .
Cardioverter-defibrillation
Clinical trials in adults with cardiomyopathies demonstrate that automatic cardioverter-defibrillation conveys a preventive secondary effect against sudden cardiac death. However, there is little evidence or consensus in studies of the value of automatic cardioverter-defibrillation in pediatric cardiomyopathies [68, 69] . Although unexplained syncope linked with an elevated risk of sudden cardiac death is an indication for ICD as a primary or secondary prophylaxis, it lacks clear guidelines for pediatric populations [70, 71] .
Heart transplantation
Heart transplantation is the only definite treatment for children with end-stage heart failure with favorable prognosis indicated by one-and five-year survival rates of 92% and 80% respectively [72, 73] . However, heart transplantation has important limitations, which include life-long immune suppression, limited graft survival, potential need for a repeat surgery and availability only in developed countries having advanced healthcare systems with transplantation capabilities. However, RCM phenotype has no universally accepted evidence-based criteria for indication for heart transplantation, which usually depends on local listing of pediatric heart centers [6] .
Future treatment options
Although current outcomes of clinical trials of human gene therapy have yielded disappointing findings, murine studies suggest that direct gene manipulation could be a promising future treatment strategy for children with cardiomyopathies. Evaluating the safety and effectiveness of potential vectors in humans is warranted to enable gene transfer to terminally differentiated myocardial cells [74] . Another viable treatment option to improve cardiac function is incorporating healthy cardiomyocytes into a dysfunctional myocardium [75] . Already, fetal cardiomyocytes and skeletal myoblasts engrafted into murine hearts have shown promising results of differentiating into adult myocardium myocytes, which may be beneficial in clinical practice to assist myocardial remodeling and repair [76, 77] .
Meta-analysis of clinical management of pediatric cardiomyopathies
Pediatric cardiomyopathies lack specific clinical management guidelines and many of the current approaches re-use therapies developed and validated for efficacy on adult populations. Since the pathophysiology of cardiomyopathies in adults and children may have vary, the lack of specific therapies may undermine effective clinical management of pediatric cardiomyopathies, which is believed to contribute to the increased cases of pediatric mortality and morbidity caused by cardiomyopathy. This meta-analysis reviews studies on clinical management of pediatric cardiomyopathies to help identify the most appropriate approaches to prevent and management pediatric cardiomyopathies.
Search criteria
Studies investigating clinical management of pediatric cardiomyopathies were searched from online databases (PubMed, EMBASE, Ovid MEDLINE) and Google Scholar. The broad search terms were "medical therapy" OR "clinical management" AND "pediatric" OR "children" AND "cardiomyopathies". The search process was hierarchical, beginning with title search, then abstract and finally perusal of the entire document before consideration for inclusion.
Inclusion criteria
Studies were included if they (a) studied cardiomyopathies in children (patients < 18 years); (b) investigated at least one clinical management method; (c) its outcomes included at least one clinical outcome (survival rate and/or mortality rate). Publication language was not considered as an inclusion criteria since all studies on pediatric cardiomyopathies were included irrespective of the publication language used. Studies that included both adults and children and did not provide separate analysis for children were also excluded. Conference papers, case series and studies with only abstract available (insufficient data for extraction) were also excluded. The extracted data included first author, study period, number if patients included, mean age of the patients, type of cardiomyopathy, clinical management method, follow-up period, five-year survival rate and mortality rate (Table 8) .
Study characteristics
Sixteen (16) studies conducted between 1969 and 2013 meeting the inclusion criteria were included in this meta-analysis [63, [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] . The total pediatric patients in all the 16 studies was 1,021 with mean age 7.73 years and mean follow-up period of 6.8 months. Combined five-year survival rate was 69% and mortality rate of 12%. The most commonly studied phenotype of pediatric cardiomyopathy was DCM by 50% of the studies [63, 79, 85, 86, [89] [90] [91] [92] followed by RCM (37.5% of the studies) [81] [82] [83] [85] [86] [87] and finally HCM (12.5% of the studies) [78, 80] . Two studies did not specify the type of pediatric cardiomyopathy [84, 88] . The dominant clinical management methods were heart transplantation assessed by 44% of the studies [63, [81] [82] [83] [85] [86] [87] followed by pharmacotherapy, which was similarly assessed by 44% of the studies [63, 79, 80, [89] [90] [91] [92] [78, 84, 88] . The main clinical outcomes assessed in the studies was five-year survival rate and/or reported mortality rate but the period differed in individual studies.
Clinical management outcomes
Conventional pharmacotherapy using digoxin, diuretics and ACE inhibitors is the initial therapy prescribed mainly to DCM phenotype in children [63, 79, [89] [90] [91] [92] . The addition of beta-blocker (carvedilol) has a beneficial effect of improving heart rate and rhythm (left ventricular ejection fraction or fractional shortening), and survival rates among DCM pediatric patients [91, 92] . In addition , adjunct therapy using high dose beta-blocker on the HCM phenotype in children reveals superior clinical outcomes and survival rates compared to using conventional pharmacotherapy alone [80] . Mechanical support using LVAD and ECMO conveys effective short-term circulatory support but the benefits wane for long-term support. However, they are an effective short-term bridge for pediatric patients waiting for heart transplantation [84, 88] . Heart transplantation remains the most effective preventive therapy for pediatric patients with cardiomyopathy-related end-stage heart failure. Reported long-term mortality rates range between 0% [87] and 13% [83] compared with 38% without heart transplantation [82] . The most frequent indication for heart transplantation is pediatric patients diagnosed with the RCM phenotype [81] [82] [83] [85] [86] [87] 
Discussion
Currently, research on clinical management of cardiomyopathies have focused extensively on adult populations with only a brief mention on pediatrics. This had led to management of pediatric cardiomyopathies adopting therapeutic protocols developed for adults despite pediatrics having differences in etiologies, pharmacodynamics, duration of therapy and therapeutic goals compared to adults [6, 21] . In pediatrics, the present meta-analysis reveals DCM is the dominant phenotype affecting half of diagnosis, followed by RCM (37.5%) and HCM (12.5%). Despite the phenotypic heterogeneity of pediatric cardiomyopathies, the most researched and used clinical management methods are pharmacotherapy and heart transplantation each studied by 44% of the included articles.
Same to adults, the main pharmacotherapy drugs are that prescribed for the conventional management of heart failure -diuretics, beta-blockers, angiotensin-converting-enzyme (ACE) inhibitors and antiarrhythmic drugs. For the DCM phenotype, pharmacotherapy is the standard therapy for improving heart rate and rhythm. Consistent with the present findings, Gersh, et al. [67] reports medical therapy is mostly indicated for DCM, RCM and non-obstructive HCM phenotypes. Moreover, according to Pahl et al. [66] , the aim of medical therapy in pediatric patients is to manage inborn and maladaptive physiological responses and treatment for heart failure symptoms, and the prevention of sudden cardia death in non-obstructive HCM.
Heart transplantation on the other hand is the most common and effective therapy especially for pediatric patients with end stage heart failure with improved long-term survival. Its most common indication if the ECM phenotype [81, 83, 85] . In addition to pharmacotherapy and heart transplantation, other heart failure therapies such as mechanical circulatory support and LC assist devices (LVAD) are common clinical management therapies assessed by 18% of the studies. The main use of device therapies in pediatric patients is providing a preventive secondary effect against sudden cardiac death. The clinical value of device therapy seems to reduce on the long-term. However, device therapy lacks clear guidelines in the management of cardiomyopathies in pediatric patients compared to adult patients [70, 71] .
Despite clinical value of pharmacotherapy, heart transplantation and device therapy in the management of pediatric cardiomyopathies, prognosis remains ominous. Five-year survival rate for the 1,021 pediatric patients was 69% and mortality rate of 12%. The rate was higher in patients receiving medical therapy followed by device therapy, suggesting reduced efficacy in the long-term. Only heart transplantation therapy conveyed a protective long-term effect. In sum, clinical management of pediatric cardiomyopathy adopts protocols developed for adults mainly for the management of heart rate, heart rhythm and heart failure. Despite treatment, prognosis remains ominous for chronic use of medical and/or device therapies.
Conclusion
Pediatric cardiomyopathies represent a heterogeneous group of serious myocardial conditions affecting children aged < 18 years. They are an important cause of heart failure and a leading indication for heart transplantation in children and adolescents. The approximate incidence in the general population is 1.13 per 100,000 children with higher incidence reported in infants. Its clinical course begins with chronic exposure to risk factors (genetic, anthracyclines therapy, renal failure or HIV infection), which impairs myocytes and incudes maladaptive changes in cardiac function leading to ventricular dysfunction, rhythm abnormalities and eventually cardiac death. Although clinical signs and symptoms vary based on the underlying phenotype, the main ones are fatigue, exertional dyspnea and chest pain. Its etiopathogenesis has a predominant genetic basis associated with inborn errors of metabolism, malformation syndromes, neuromuscular diseases and familial isolated disorders. Confirmatory diagnosis of the disease is a challenge because etiology may overlap or the disease may change from one phenotype to another in its clinical course and the applicability of many diagnostic techniques for adults have varying results on children due to constantly changing body surface area. The main diagnostic criteria relies on echocardiography measurement and semiquantitative patterns of ventricular dysfunction. Clinical management is complicated by fewer dedicated studies on pediatric populations while the applicability of therapies developed for adult population has variable outcomes due to differences in etiology, pharmacodynamics, duration of therapy and therapeutic goals. Pharmacotherapy and mechanical support is effective for short-term treatment of heart failure symptoms. Heart transplantation remains the only effective therapy with acceptable positive long-term effect on survival rates especially for idiopathic RCM phenotype that has shown poor long-term prognosis with pharmacotherapy.
